This work follows from that of Blumberg & Ogston (1957) . They showed that papain is a specific agent for degrading the protein part of the hyaluronic acid complex isolated from ox synovial fluid by filtration (Ogston & Stanier, 1950) , and that when this protein is degraded marked changes in the non-Newtonian viscosity occur. This is associated with a marked decrease in the molecular weight and the hydrodynamic specific volume as well as changes irn other physical characteristics, which indicate that the material has been depolymerized.
The correlation between the degradation of protein which forms the complex with hyaluronic acid and the change of non-Newtonian viscosity makes possible the use of papain as a reagent for detecting whether hyaluronic acid from any source contains protein in such a state as to determine its physicochemical properties. This test can be applied in the presence of free protein since free protein, its hydrolysis products, or excess of enzyme do not contribute significantly to the nonNewtonian viscosity of solutions which contain hyaluronic acid, and preliminary separation of the hyaluronic acid from other materials is therefore unnecessary. The test has been applied to several preparations containing hyaluronic acid from different sources.
A preparation of plasmin has been found to have effects on the viscosity of solutions containing the hyaluronic acid-protein complex similar to those produced by papain. This gives weight to the suggestion that changes in the protein part of the complex may have physiological and pathological significance.
A method based upon that of Scott (1955 Scott ( , 1956 ), for isolating acid polysaccharides by precipitating them with cetylpyridinium chloride, has been applied to synovial fluid. Preliminary results show that the product contains protein and appears to resemble closely the material isolated by filtration by the method of Ogston & Stanier (1950) .
EXPERIMENTAL
Materials Ox synovial fluid. This was collected from the slaughterhouse of the Oxford and District Co-operative Society Ltd., as described by Ogston & Stanier (1950) . * Fellow of the Arthritis and Rheumatism Foundation.
Hyaluronic acid complex by the filtration proces8. This was prepared by the method of Ogston & Stanier (1950) . The complex was washed 16 times with buffer on a sinteredglass filter of 1, average pore diameter. The resulting solution showed only a single, very sharp boundary in the ultracentrifuge, and no sign of free protein.
Ox serum albumin. This was prepared as described by Blumberg & Ogston (1956) . Human synovial fluids. These were supplied by Mr R. G. Taylor of the Wingfield-Morris Orthopaedic Hospital, Oxford. They were taken at operation from patients with traumatic effusions of the knee joint and were preserved under sterile conditions and stored at 4°. There was no evidence of chronic arthritic disease in any of the patients; all the synovial fluids gave a normal type of mucin clot on acidification with 10% (w/v) acetic acid.
Extract of human umbilical cord. Umbilical cords were collected from the Radcliffe Infirmary, Oxford, within a few hours of delivery. Each cord was quickly washed free of blood and the blood vessels were removed by dissection. Hyaluronic acid was extracted from the remaining tissue by the method of Fessler (1956) ; the tissue was coarsely chopped and placed overnight in a closed jar with sufficient buffer (pH 7, 0-067M-phosphate) just to cover it, the entire contents of the jar were then centrifuged in a Spinco Model L ultracentrifuge for 2 hr. at 73 000 g. The supernatant contained hyaluronic acid and free protein. Fessler (1956) showed that material prepared in this way contains no detectable collagen fibres. Precipitation with cetylpyridinium chloride (CPC) by the method of Scott (1955 Scott ( , 1956 showed that it contained no more than a trace of chondroitin sulphate. Fessler (1956) showed that reextraction of the tissue with buffer would yield further amounts of polymeric material, but only the first extract was used in this work.
Extract of ox vitreous humour. Vitreous humour was obtained from cattle eyes given to us by Dr Antoinette Pirie of the Nuffield Laboratory of Ophthalmology, Oxford. Within a few hours of death each eye was injected with 0-2 ml. of a 0-5M-solution of ethylenediaminetetraacetic acid (EDTA) neutralized to pH 7 in order to prevent oxidative depolymerization of the hyaluronic acid by the copper ion-ascorbic acid system (Birany & Woodin, 1955) . The eye was freed from the muscle attachments and an incision made along the equator of the sphere. The vitreous humour was slipped out, and freed from the lens and iris. The whole vitreous was then centrifuged for 2 hr. at 73 000 g in the Spinco Model L ultracentrifuge at 5°. Under these conditions any fibrous material is sedimented and the supernatant solution contains hyaluronic acid in low concentration (Woodin & Boruchoff, 1955 (1955, 1956 Buffers. For the experiments with papain and plasmin and for the extraction of umbilical cord the buffer was 0 0453M-Na2HPO4, 0*0213M-KH2PO4 (pH 7); for preparative work and for the physical measurements the buffer was 0-0077M-Na2HPO4, 0-0023M-KH2PO4, 0-2m-NaCl (pH 7.3).
Methods Viscosity. Sedimentation. This was measured in a Svedberg oilturbine ultracentrifuge at 900 rev./sec. by the method of Cecil & Ogston (1948) . The optical system was Baldwin's (1953) umbilical-cord extraet, 24 hr. (followed by 30 min. at 25').
Each mixture was brought to 250 for 1 hr. before measurement in the Couette viscometer. Control experiments were done with the papain omitted.
Treatment of hyaluronic acid complex and ox synovialfluid with plasmin. Plasmin was dissolved in water and mixed with substrate dissolved in the buffer, pH 7. The conditions were: for hyaluronic acid complex, 100 mg. of plasmin in 4 ml. was added to 10 ml. of substrate and incubated at 250 for 6 hr.; for synovial fluid, 26 mg. of plasmin dissolved in 2.5 ml. was added to 10 ml. of substrate and incubated at 25' for 20 hr. Control experiments were done with plasmin omitted.
Mucin. The concentration of hyaluronic acid complex in ox synovial fluid was determined from the dry weight of the mucin clot formed upon acidification (Ogston & Stanier, 1952) . Attempts were made to use the same method, after addition of serum albumin, to estimate the concentration of hyaluronic acid prepared by precipitation with CPC; however, with this material, the results disagreed with those obtained by other methods, and the method was abandoned.
The formation of mucin was also used to judge qualitatively the state of the hyaluronic acid in various preparations, as described by Ropes & Bauer (1953) . Ox serum albumin was added to those preparations which did not contain sufficient free protein for mucin formation. The results were graded according to the standard practice (Ropes & Bauer, 1953) : group I, firm, ropy clot, with complete clearing of the supernatant solution; group II, clot formed, but not as firm as in group I, wispy edges to the clot, incomplete clearing of the supernatant; group III, no clot, but a dispersed white precipitate.
It was found possible to grade similarly the clots formed by adding 0.5 % CPC in water to 2 ml. of the sample mixeed with 2 ml. of water, until clotting was complete.
Estimation of dry weight. Solutions were dialysed against fifteen changes of glass-distilled water for 7 days. Weighed samples of the solution were then dried to constant weight at 1050.
Total nitrogen. This was measured by the microKjeldahl method. A selenium catalyst (Fawcett, 1954) with 6 hr. digestion and a Markham (1942) still were used.
RESULTS

Effects of papain on viscosity
Ox synovial fluid. Blumberg & Ogston's (1957) results were obtained with hyaluronic acid complex isolated from ox synovial fluid by filtration. When whole ox synovial fluid was treated with papain, the non-Newtonian viscosity was similarly lowered, though rather more slowly than with the isolated complex; this was to be expected, since the free protein of the synovial fluid would compete with 184 I958 V 8PROTEIN COMPLEXES OF HYALURONIC ACIDS the protein of the complex for the papain. Next, ox serum was mixed with ox synovial fluid to give a final concentration of 4 g. of protein/100 ml., which is about the same as that of protein in human synovial iluid from acutely traumatized joints (Johnston, 1955a) ; here too the papain lowered the non-Newtonian viscosity, though more slowly still. Apart from the effect of excess of protein on the rate of change of viscosity with time, the results obtained were similar to those described by Blumberg & Ogston (1957) . Human synovial fluid. Two different samples of human synovial fluid were treated with papain; in each case the non-Newtonian viscosity was considerably reduced (Fig. 1) .
Hyaluronic acid from umbilical cord. In two different preparations similar reduction of nonNewtonian viscosity was found (Fig. 2) .
Hyaluronic acid from vitreous humour. The preparations showed no non-Newtonian viscosity, at the concentration used (cf. Woodin & Boruchoff, 1955) ; the effect of papain was therefore not tested.
Streptococcal hyaluronic acid. This material, in concentrations about five times that of a synovial fluid, showed no non-Newtonian viscosity. Since it was known to be protein-free, the effect of papain on the viscosity (measured in the Ostwald viscometer) was tested in order further to exclude the possibility that the action of papain might be on the hyaluronic acid itself rather than on the protein (Blumberg & Ogston, 1957) . No effect of papain on the viscosity could be observed. When a 0-75 % solution was treated with 1 mg. of hyalase at 250 the viscosity (measured in the Ostwald viscometer) fell from 12-7 to 1-7 in J hr.
Hyaluronic acid coMpleX isolated from ox synovial fluid with cetylpyridinium chloride. This material showed marked non-Newtonian viscosity (see below). Incubation with papain resulted in a loss of non-Newtonian viscosity similar to that observed with hyaluronic acid complex made by filtration (Blumberg & Ogston, 1957 ) and with the preparations described above.
Mucin and cetylpyridinium chloride clots Group I (normal) mucin clots were obtained with hyaluronic acid complex prepared by filtration or by precipitation with CPC, with whole ox synovial fluid, with human synovial fluid from traumatized joints and with the hyaluronic acid extracted from umbilical cord. After treatment of any of these with papain, the clot obtained was group II or III. Group II or III clots were obtained also after treating hyaluronic acid complex or whole synovial fluid with plasmin. Synovial fluids from cases of rheumatoid arthritis, the protein-free streptococcal hyaluronic acid and the hyaluronic acid of vitreous humour, all gave group II or III clots.
The characters of the clots obtained with CPC were in all cases closely similar to those of the mucin clots.
Effect of plasmin on hyaluronic acid and on whole ox synovial fluid
The effect of plasmin on the non-Newtonian viscosity were similar to those produced by papain (Fig. 3) . Simultaneous proteolysis of the protein of the hyaluronic acid complex was demonstrated by the method of Anson (1938 The ultraviolet absorption of the first samples prepared by this method showed that they contained protein in amount comparable with that present in samples prepared by filtration. Also, they showed marked non-Newtonian viscosity, which was reduced by treatment with papain. In view of these surprising results, and of the possible identity of material made in this way with the complex obtained by filtration, its properties were more thoroughly investigated. Non-Newtonian viWcosity. The variation of relative viscosity with velocity gradient was measured in a number of samples. The degree of non-Newtonian viscosity was measured by the relationship of the ratio 7g/o (relative viscosities extrapolated respectively to velocity gradients zero and 50 sec.-') to qO (Fessler, Ogston & Stanier, 1954) . The log values for these ratios are shown, in Protein content. This was measured by comparing the extinction at 280 m,u with the dry weight of the sample. The specific extinction coefficient at 280 m, of the protein in the complex was taken as 14, based upon measurements made on hyaluronic acid complex made by filtration. The proportions of protein in three samples were 29-8, 23*3 and 23-5 %. Ogston & Stanier (1952) found 25-7 % for hyaluronic acid complex made by filtration. The proportions of CPC in the products were judged approximately by the extinction at 257mgu (E'% for CPC=111 at 257m,); values varied between 1 % and zero.
Sedimentation and intrin8ic viscosity. The CPC product gave a boundary diagram (Fig. 5 ) indistinguishable from that given by hyaluronic acid complex; there was no sign of any free protein.
The sedimentation of a sample of CPC product was compared with that of hyaluronic acid complex in the same synovial fluid from which it was prepared. Sedimentation coefficients were measured at several concentrations in each case and extrapolated to zero concentration by plotting 1/S against concentration. The same plots gave values of d (1/S)/dc ( Table 1) . The latter are, however, not directly comparable because of the presence of free protein in the synovial fluid, which affects the rate of sedimentation of the hyaluronic acid. Correction for this (Johnston, 1955b; Fessler et al. 1954) gives the corrected value shown in Table 1 . The intrinsic viscosities of the two materials were compared, by use of the Ubbelohde viscometer; the results are given in Table 1 .
Calculation of values of d (1/S)/dc and the intrinsic viscosities requires knowledge of the concentrations of the hyaluronic acid complex. For the synovial fluid, this was determined by dry weight of mucin (Ogston & Stanier, 1952) ; for the CPC product by determining the dry weight directly. Ogston's (1957) (Ogston & Stanier, 1953b, c; Barnett, 1956 ); reduction of non-Newtonian viscosity of synovial fluid in rheumatoid arthritis has been reported by Sundblad (1954), Fessler et al. (1954), Johnston (1955c) and Levine & Kling (1956) . Mucin and cetylpyridinium chloride clot8. Since the characters of mucin and CPC clots were in all cases closely similar, it is possible that clot formation with CPC might be used as an alternative, more convenient, test. [Di Ferrante (1956) The facts that a hyaluronic acid prepared by the CPC method retains the same amount of protein as does the material prepared by the completely independent filtration process (Ogston & Stanier, 1950) and that the physical integrity of the CPCprepared material is dependent on the presence of this protein (i.e. its non-Newtonian viscosity is lost when the protein is degraded by papain digestion) lend additional strength to the argument that hyaluronic acid from ox synovial fluid occurs as a complex with protein. These 3. The character of the mucin clot is well correlated with the non-Newtonian viscosity; hyaluronic acid-protein complexes give normal (group I) clots, but abnormal (group II or III) clots after digestion with papain. Hyaluronic acid from vitreous humour gives an abnormal clot.
4. Plasmin has effects similar to those of papain, both on non-Newtonian viscosity and on the character of the mucin clot.
5. Precipitation of hyaluronic acid from ox synovial fluid with cetylpyridinium chloride gives a protein complex indistinguishable from that prepared by filtration and present in the native fluid.
6. The bearing of these results on the state of hyaluronic acid in pathological conditions is discussed.
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